Two experiments were conducted to determine the effects of different dietary lysine levels on the apparent nutrient digestibility, the serum amino acid (AA) concentration, and the biochemical parameters of the precaval and portal vein blood in growing pigs. In Experiment 1, 15 noncannulated pigs received diets with different lysine densities (0.65%, 0.95%, and 1.25% lysine) for 13 d. A total collection digestion test was performed, and blood samples were collected from the precaval vein at the end of the experiment. In Experiment 2, four cannulated pigs were fed the same diets of Experiment 1. The experiment used a self-control experimental design and was divided into three periods. On d 5 of each period, at 0.5 h before feeding and hourly up to 8 h after feeding, single blood samples were collected from catheters placed in the portal vein. In Experiment 1, some serum AAs (including lysine), serum urinary nitrogen (SUN), and total protein (TP) concentrations were significantly affected by the dietary lysine levels (p<0.05). Moreover, the 0.65% lysine treatment showed a significant lower apparent digestibility of gross energy, dry matter, crude protein, and phosphorus than the other treatments (p<0.05). In Experiment 2, serum lysine, histidine, phenylalanine, threonine, valine, isoleucine (p = 0.0588), triglyceride, and SUN (p = 0.0572) concentrations were significantly affected by the dietary lysine levels (p<0.05). Additionally, almost all of the determined serum AA and total AA concentrations reached their lowest values at 0.5 h before feeding and their highest values at 2 h after feeding (p<0.05). These findings indicate that the greatest absorption of AA occurred at 2 h after feeding and that the dynamic profile of serum AA is affected by the dietary lysine levels. Moreover, when the dietary lysine content was 0.95%, the growing pigs achieved a better nutrient digestibility and serum metabolites levels.
INTRODUCTION
Amino acids are not only important substrates for the synthesis of proteins and other nitrogenous compounds, but also key regulators of fluxes through major metabolic pathways (Meijer, 2003; Jobgen et al., 2006) . In growing pigs, lysine is the first limiting amino acid, and the dietary addition of lysine to the diet plays an important role in metabolism (Stoll et al., 1998a) . Furthermore, lysine is directly absorbed by the intestine for protein synthesis and other metabolic processes, such as the regulation of NO synthesis, antiviral activity, protein methylation, acetylation, ubiquitination, and O-linked glycosylation (Wu, 2009) . A deficiency or excess of lysine can reduce or increase N retention and whole-body protein turnover (Roy et al., 2000; Ren et al., 2007) . Consequently, growth performance, carcass characteristics (Loughmiller et al., 1998; Apple et al., 2004) , serum parameters (Henry et al., 1992; Cameron et al., 2003) , and nutrient digestibility (Cho et al., 1999; Yang et al., 2008; Kim et al., 2011) can be influenced by the dietary level of lysine.
After ingestion, the amino acids released by the gastrointestinal digestion of dietary proteins are absorbed through the apical membrane of the small intestine and then subjected to sequential anabolic sequestration into the splanchnic and peripheral protein pools. A portion of the amount of dietary amino acids is metabolized by the intestine before entering the blood vessels. Intestinal amino acid metabolism involves multiple processes including protein synthesis and degradation, the transit of amino acids, arterio-portal differences, and first pass amino acid metabolism (Baracos, 2004) . The portal vein is important for securing the exogenous N that is utilized by parenteral tissues. Less than 100% of most of the dietary amino acids intake appeared as free amino acids in the portal blood, and more than 100% of the intake of some amino acids appeared in the portal blood (Stoll et al., 1998b) . Observations of the dynamic profile of serum amino acids can shed light on the absorption conditions of amino acids, which is valuable information for achieving a better balance of dietary amino acids and is very important for practical production. However, information on the influence of dietary lysine on the dynamic profile of amino acids and biochemical parameters in the serum of the portal vein in growing pigs is limited. Therefore, further study of the effects of dietary lysine on the absorption mechanism of amino acids (particularly lysine) in growing pigs is important.
The objective of the present investigation was to provide further information on the absorption mode of amino acids in growing pigs by focusing on the effects of different dietary lysine levels on the serum amino acid concentrations, biochemical indices for the precaval and portal veins, and apparent nutrient digestibility in the growing pigs.
MATERIALS AND METHODS

Experimental animals and diets
In Experiment 1 (Exp. 1), 15 crossbred castrates (Large WhiteLandrace) with an average initial BW of 20 kg were randomly allotted to three treatments on the basis of their initial BW. The pigs were housed individually in stainlesssteel metabolic cages in a temperature-controlled room (182C). The pigs were fed diets containing lysine at three levels, 0.65% (low lysine, LL), 0.95% (medium lysine, ML) and 1.25% (high lysine, HL), and were trained to consume three meals (500 g each meal) daily at 08:00, 13:00, and 18:00 h. After each feeding, the feeder was cleaned, the feed refusal was recorded, and fresh water was provided in the feeder until the next feeding.
The pigs were adapted to the experimental diet for 7 d. Fecal samples were collected from d 8 to d 13 and stored at -20C prior to analysis. The fecal samples were pooled and dried in an air-forced drying oven at 65C for 72 h and then ground with a 1-mm mesh Wiley mill for chemical analysis. At the end of the experiment, blood samples (10 ml) from each pig were collected from the cranial vena cava region using syringes after a 12-h fast. After centrifugation (2,000 g for 20 min), the serum samples were stored at -20C for subsequent analysis.
Four pigs with an average initial BW of 37.8 kg were used in Experiment 2 (Exp. 2), at the end of Exp. 1. After a 10-d adjustment period, feed (the basal diet) was withdrawn from the pigs for 12 h. The pigs were surgically fitted with chronic catheters in the portal vein, as described by Stoll et al. (1998b) with some modification (Huang et al., 2003; Li et al., 2008) . In brief, a 2-cm stainless-steel tube ((2.41 mm outside diameter (OD)1.68 mm inside diameter (ID)) was constructed using a luerstus-15 g adapter (VWR International Ltd, Mississauga, ON, Canada) and inserted into the top tip of a portal-vein catheter (Micro-Renathane tubing, 2.41 mm OD1.68 mm ID; Braintree Scientific Inc., NY, USA). The portal vein was punctured with a No. 12 needle. Using an introducer, the portal-vein catheter was then inserted into the portal vein, 4 to 6 cm toward the liver. After surgery, the pigs were returned to their metabolic cages for recovery. Intramuscular injections of penicillin (1.610 5 IU) were given to the experimental pigs every day for the next 5 d. All catheters were rinsed daily with 5 ml heparin solution (400 IU/ml). To prevent blood vessel blockage, 3 ml blood was withdrawn from the catheter every three days. Medicinal ointment was applied around the catheter exit to relieve itching and to prevent wound infection.
The day after surgery, each pig was given one-third of its pre-surgery daily feed intake and was returned to its preoperative intake at d 4. During the recovery period, the pigs had free access to drinking water and the basal diet. After a 10-d period of recovery from the surgery, the pigs were assigned to dietary treatments in a self-controlled experimental design method. This phase of the study was divided into three experimental periods during which the pigs were fed one experimental diet. In the first experimental period, the animals were fed the basal diet containing 0.65% lysine (LL). The diet during the second period contained 0.95% lysine (ML), and the diet during the third period contained 1.25% lysine (HL). The diets were the same as those in Exp. 1 and were offered to the animals in two equal meals at 08:00 and 20:00 h. Water was freely available after each meal. Each of these three experimental periods consisted of an adaptation phase of 4 d. Then, on d 5, blood samples from each pig were collected simultaneously from the portal vein catheters at 0.5 h before feeding and at 1, 2, 3, 4, 5, 6, and 8 h after feeding. After centrifugation (2,000g for 20 min), the serum samples were stored at -20C for subsequent analysis. The protocol for the care of the experimental animals was approved by the Animal Care Committee at the South China Agricultural University.
The experimental diets were the same in both experiments. All the diets met or exceeded the nutrient requirements as suggested by NRC (1998), except for crude protein, DE, and lysine. The DE requirement was defined by NY (2004) , and the main characteristics and composition of diets are shown in Table 1 . Crystalline L-lysine-HCL was added in equal increments to provide 0.95% or 1.25% lysine, and the contents of other amino acids were unchanged.
Chemical analysis
Proximate analyses of the experimental diets and fecal samples were performed using AOAC (2002) methods. The gross energy (GE) was measured using a bomb calorimeter (WZR-1T-B) and the crude protein (CP) with a Kjeltec Auto Sampler System Analyzer (FOSS Fecator).
The apparent nutrient digestibility (CAD) of the GE, dry matter (DM), CP, crude ash (CA), and phosphorus (P) were calculated with the following equation:
In this equation, CAD represents the apparent nutrient digestibility of DM or the others (including GE, CP, CA, and P), and (DM) diet and (DM) feces represent the concentrations (mg/kg DMI) of DM and the others in the diet and feces, respectively. The CAD values for the other experimental variables were calculated using this same equation, with the appropriate values of the variable in question substituted for DM.
The amino acid concentrations in the serum samples were analyzed after treatment with sulfosalicylic acid and centrifugation according to the procedure of Kong et al. (2009) . Briefly, the clear supernatant after centrifuging was filtered through a 0.45 m filtration membrane. The filtrate was placed in a sample bottle, following the instructions of the manufacturer (Model L-8900, Hitachi Ltd. Tokyo, Japan), and the amino acid concentrations were determined using an automatic amino acid analyzer.
Serum biochemical parameters, including serum triglyceride (TG), glucose (GLU), serum urea nitrogen (SUN), and total protein (TP), were analyzed with an automated chemistry analyzer (BECKMAN SYNCHRON CX5) using commercial kits.
Statistical analysis
All the data were analyzed using the Proc GLM procedure of SAS (SAS, 2001) . Each pig was considered an experimental unit. Differences among the treatments in Exp. 1 were determined by Duncan's multiple-range test, and in Exp. 2, differences among the treatments were determined by repeated measures analysis. The model included the main effects of the dietary lysine level and time point in addition to all appropriate 2-way interactions. The data were presented as the meansSEM. The differences between the treatments were considered statistically significant at a p<0.05 level.
RESULTS
Apparent nutrient digestibility
In Exp. 1, increases (group HL) in the dietary lysine level reduced (p>0.05) the apparent nutrient digestibility compared to group ML ( Table 2 ). The apparent digestibilities of the nutrients detected (with the exception of CA) were higher (p<0.05) in group ML than in group LL, and the digestibility of GE was lower (p<0.05) in group LL than in groups ML and HL.
Serum amino acid concentration
The differences in the serum concentration of amino acids in the precaval (Exp. 1) and portal veins (Exp. 2) are shown in Table 3 and 4, respectively.
In Exp. 1, the serum concentration of lysine was higher (p<0.05) in the group when pigs were fed the diet containing 0.95% lysine than in group HL, meanwhile the serum glutamic acid serum concentration was higher (p<0.05) in group ML than in group LL. In contrast, the serum concentration of serine was lower (p<0.05) for the ML diet than for the other diets, and the serum concentration of threonine was lower (p<0.01) in group ML than in group LL. Group HL exhibited a lower serum concentration of tyrosine (p<0.01) compared with the ML and LL groups. Most other serum amino acid concentrations were lower in group ML than in the other groups, with the exception of alanine, aspartic acid, histidine, and leucine (p>0.05).
In Exp. 2, the serum concentrations of lysine was increased (p<0.05) as the dietary lysine levels increased. In contrast, the serum concentrations of isoleucine (p = 0.0588), histidine, phenylalanine, threonine, and valine were decreased (p<0.05). The serum concentrations of the other amino acids detected did not differ among the treatments (p>0.05). The serum concentrations of almost all the amino acids examined (with the exception of glycine) and of the total amino acids were affected (p<0.05) by the collection time points. Moreover, the serum lysine concentrations in all three groups were the greatest at 1 h after feeding ( Figure 1A ). In the ML group, the serum concentrations of almost all determined amino acids reached their peak values at 2 h after feeding, whereas the serum concentrations of arginine ( Figure 1B) , glycine, isoleucine, leucine, phenylalanine, serine, threonine ( Figure 1C) , and tyrosine and the total amino acids in the LL group reached their peak values at a later time point, 3 h after feeding (the data above were not shown here). In summary, the serum concentrations of almost all of the amino acids examined and of the total amino acids were the lowest at 0.5 h before feeding and the highest at 2 h after feeding (Table 4) . Leveltime interactions were found for lysine, histidine, isoleucine, leucine, phenylalanine, proline, serine, threonine, tyrosine, valine, and total amino acid (p<0.05); there were no interactions among the other amino acids.
Serum biochemical parameters
The results of the analyses of serum biochemical parameters in Exp. 1 and Exp. 2 are presented in Table 5 and 6, respectively.
The content of SUN was decreased (p<0.05) in Exp. 1, whereas the TP was increased (p<0.05) with increasing dietary lysine levels. Neither SUN nor TP differed between the ML and HL groups. The different dietary lysine levels did not affect the concentrations of GLU and TG.
In Exp. 2, the serum contents of TG (p<0.05) and SUN (p = 0.0572) were influenced by the different dietary lysine levels, whereas the TP and GLU content was not influenced. Moreover, the serum content of TG was increased (p<0.05), whereas the serum SUN content was decreased (p<0.05) with increasing dietary lysine levels. Except for SUN, the serum content of TP, TG, and GLU was influenced (p<0.05) by the collection time points. The serum GLU content was the highest at 1 h after feeding and the lowest at 0.5 h before feeding. A leveltime interaction (p<0.05) was found for the TG content.
DISCUSSION
Apparent nutrient digestibility
In animals, lysine participates in many physiological processes and plays an important role in growth. A reasonable lysine level facilitates the digestion and utilization of feed nutrients by animals, which can, thus, reduce the impact of animal production on the environment. The results of Exp. 1 showed that the apparent digestibilities of the nutrients studied (with the exception of CA) were generally higher than those found in the other treatments when the dietary lysine content was 0.95%, though there was no difference between the groups ML and HL. Excess lysine levels was previously reported to not affect the growth performance of pigs (Yen et al., 2005) , which was consistent with the results of the present study. Comparable differences have also been found by Yang et al. (2008) in pigs fed lysine-restricted grower diets. Additionally, Jin et al. (2010) reported that the CP digestibility was decreased as dietary lysine was restricted. These results suggested that the dietary lysine levels could influence the apparent nutrient digestibility in pigs. We also found that different dietary lysine levels can affect the apparent nutrient digestibility in a previous study with finishing pigs (Wang et al., 2012) . According to the report by Wu (2010) , functional amino acids (e.g. arginine, glutamine, leucine) serve important regulatory functions in nutrient metabolism, protein turnover, and immune function and therefore enhance the efficiency of feed utilization by pigs. Although lysine is not considered a functional amino acid, it may influence the metabolism of nutrients by regulating the absorption of some functional amino acids or by regulating endocrine hormone release (Takenaka et al., 2000; Katsumata et al., 2002) . The findings discussed above suggest that the diet with 0.95% lysine may increase the digestibility of nutrients, which was consistent with the NRC (1998) recommendations for 20 to 50 kg pigs. Moreover, the results of serum metabolites and nutrient digestibility during the treatments were relatively consistent in this study.
Serum amino acid concentration
In animals that are fed higher levels of an amino acid, the concentration of the amino acid in plasma increases rapidly and approximately linearly. However, in some cases, a high level of one amino acid is associated with a decline in other amino acids (Goodband et al., 1990; Henry et al., 1992; Roy et al., 2000; Barea et al., 2009) . Roy et al. (2000) have reported that, with increasing dietary lysine levels, the plasma concentration of free lysine increased, whereas the concentrations of isoleucine, threonine, and valine decreased. Increasing levels of dietary lysine also caused an increase in the serum content of lysine, but these increasing lysine levels caused a decrease in the concentrations of other amino acids in pST-treated pigs (Goodband et al., 1990) . Dietary lysine supplementation resulted in an increase in the plasma concentrations of free lysine, and a decrease in the concentrations of threonine, tyrosine, and some nonessential amino acids (Henry et al., 1992) . These findings resemble the results of Exp. 2 in the present study in which the concentrations of lysine in the portal vein serum were increased with increasing dietary lysine levels. However, the converse result was obtained for many other amino acids. Increased lysine concentrations were expected for the lysine-supplemented diets (ML and HL) relative to the lysine-deficient diet (LL) because lysine will be retained intracellularly at low dietary lysine concentrations for preferential channeling into protein synthesis rather than for oxidation or release into the blood circulation. At low values of amino acid intake, aminoacyl tRNA synthetases have a higher affinity for their respective amino acid than the enzyme catabolizing that amino acid (Harper, 1986) . Wang et al. (2012) have also found that the mRNA abundances of cationic amino acid transporters in the small intestine of finishing pigs were affected by the dietary lysine levels.
In Exp. 1, the serum concentration of lysine in the precaval vein was not increased with increasing dietary lysine levels and was higher in ML than in the other treatments. The concentrations of other amino acids (glutamic acid, serine, and threonine) in ML were either higher or lower than those found in the other treatments. The reasons for these findings may be that lysine deficiency results in an imbalanced pattern of amino acids in the liver.
In the liver, where the removal of excess amino acids can occur through increases in oxidation, in protein synthesis, or even in the size of the organ's free amino acid pool (Roy et al., 2000) . Moreover, excess amino acids resulting from an overall amino acid imbalance or antagonism (the mutually adverse and opposing actions of different amino acids) can produce severe adverse effects, including reduced food intake, abnormal behavior, and more (Wu, 2009) . Different experimental designs and developmental stages may also have accounted for the differences in the results of the two experiments. The blood delivers amino acids to all other tissues where they serve as building blocks for protein synthesis, precursors for a wide variety of bioactive molecules, and energy metabolites (Bröer, 2008) . Venous blood from parenteral tissues converges at the precaval vein, whereas blood from the gastrointestinal tissues converges at the portal vein. One effect of metabolism by parenteral tissues is that the concentrations of amino acids in the precaval vein will differ from those in the portal vein. However, the results obtained for the serum concentration of lysine and for nutrient digestibility during the treatments were relatively consistent. These variables showed higher values in the pigs fed a diet containing 0.95% lysine.
Interestingly, the concentrations of total amino acids were numerically lower in the ML group than in the other two groups in both experiments, which may suggest that balanced amounts of dietary amino acids resulted in more effective utilization by the organism. This needs to be further studied. Furthermore, the serum concentrations in the ML group of almost all of the amino acids studied were the highest at 2 h after feeding in Exp. 2, whereas these concentrations took longer to reach their peak values in the LL group. This finding may indicate that dietary lysine deficiency can decrease the efficiency of amino acid utilization. The results of Exp. 2 showed that for the amino acids detected, almost all of the concentrations in the serum of the portal vein attained their highest values at 2 h after feeding and their lowest values at 0.5 h before feeding. Zhang et al. (2006) have reported that the lysine concentration in the serum of the precaval vein attained a maximum value at 1.5 h after feeding. These results indicate that the highest absorption of amino acids occurs from 1.5 to 2 h after feeding. This finding could reflect the fact that the peristalsis of the gastrointestinal tract is strongest at this time.
Serum biochemical indices
The serum metabolite profile may reflect changes in metabolic and physiological activities in response to dietary manipulations, which are likely to affect the metabolite profile, possibly through the modulation of enzymes associated with N and lipid metabolism (Clarke and Abraham, 1992; McNeel and Mersmann, 2000) . Serum total protein (TP) is an indicator of protein metabolism in animals, and high concentrations of TP show that the deposition of body protein is at a high level. Decreasing dietary lysine levels caused a decrease in the concentration of TP in Exp. 1, whereas the lysine level did not cause a decrease in Exp 2. However, the TP concentration in ML was numerically higher in both experiments. These findings were agreed with the reports of Yang et al. (2008) and Kamalakar et al. (2009) that lysine deficiency decreased the concentration of TP. In contrast, SUN has been used as a predictor of dietary amino acid requirements (Cameron et al., 2003; Barea et al., 2009) , whereby a low SUN concentration shows that the body protein deposition is at a high level. In the present study, the SUN concentrations decreased with increasing levels of dietary lysine in both experiments, which were consistent with the results of the studies by Goodband et al. (1990 ), Fernandez-Figares et al. (2007 and Jin et al. (2010) .
In Exp. 1, the concentrations of TG and GLU were unaffected by the different dietary lysine levels. Although the TG concentrations were increased with increases in the dietary lysine levels in Exp. 2, the TG concentrations between groups ML and HL were not different. This finding was consistent with the report of Kamalakar et al. (2009) that lysine deficiency did not affect the concentrations of TG and GLU during the grower phase. Moreover, other studies (Yen et al., 2005; Ren et al., 2007) have also found that the plasma glucose concentration did not differ significantly among different dietary lysine treatments. The reason for this result might be that the same amount of digestible energy was provided in all of the treatments, thus the energy requirements of the growing pigs were met.
In conclusion, the highest amino acid absorption occurred at 2 h after feeding. Our data indicate that the dynamic profile of serum amino acids is affected by different dietary lysine levels. Moreover, the diet containing 0.95% lysine provide optimal nutrient digestibility and serum metabolites and are suitable for the growing pigs in this study.
